The O-linked sugar chains of the human leukocyte cell surface glycoprotein CD45 were released as tritium-labeled oligosaccharides by β-elimination in the presence of NaB 3 H4. Mono Q column chromatography revealed that they comprise neutral (64%) and acidic (36%) oligosaccharides, the latter of which were converted to neutral ones by Arthrobacter ureafaciens sialidase treatment. Structural studies of each oligosaccharide fractionated on a Bio-Gel P-4 column by sequential exoglycosidase digestion and by methylation analysis revealed that human leukocyte CD45 contains mainly core 1 and core 2 oligosaccharides, 15% of which are modified with poly (N-acetyllactosamine) chains in different extensions. CD45 consists of several isoforms which were isolated after cell surface sialic acid residues were labeled by periodate/NaB 3 H 4 treatment. Bio-Gel P-6 column chromatography of a mixture of the tritium-labeled glycopeptide/oligosaccharides obtained by pronase-digestion followed by mild alkaline borohydride treatment showed that distribution of the sialylated core 2 oligosaccharides is different among CD45 isoforms.
gaku Kogyo Co. NaB 3 H 4 (490 mCi/mmol) was purchased from Du Pont-New England Nuclear. Arthrobacter ureafaciens sialidase was obtained from Nacalai Tesque Co. Psathyrella velutina lectin-Affi-Gel 10 was kindly donated by Dr N. Kochibe, University of Gunma, Maebashi, Japan.
Purification of CD45. Packed human buffy coat cells, which are enriched in T cells, were prepared by Ficoll-Isopaque gradient centrifugation from pooled human blood supplied by the Finnish Red Cross Blood Transfusion Service, Helsinki. The cells were homogenized using a Potter-Elvehjem homogenizer in 10 mM sodium phosphate, pH 7.4 containing 0.15 M NaCl, 1% Triton X-100 and 1 mM phenylmethylsulfonyl fluoride. The cell homogenates were centrifuged at 20 000ϫg for 15 min, and the resulting supernatants were further centrifuged at 100 000ϫg for 45 min. CD45 was purified from the final supernatants by affinity chromatography using a column containing the anti-CD45 monoclonal antibody MEM-28 immobilized to Sepharose 4B. The MEM-28 antibody has previously been characterized [32] . The column was washed with 20 mM glycine/NaOH, pH 9.0, containing 0.1 % sodium deoxycholate to remove nonspecifically absorbed proteins. The bound material was eluted Fig. 1 . Mono Q column chromatography of oligosaccharides released with 50 mM diethylamine, pH 11.5. The eluates were neutral-from CD45 by alkaline borotritide/borohydride treatment (a), and ized and salts were removed by ultrafiltration. CD45 thus pre-of sialidase digests of the acidic oligosaccharides as indicated by bar
A in (a) (b).
pared contained four bands migrating with apparent molecular masses of 180 kDa, 190 kDa, 205 kDa and 220 kDa as determined by SDS/PAGE [33] followed by autoradiography (Fig. 5) .
Liberation of O-linked sugar chains from CD45. The 10 was performed as described previously [39] . In brief, samples CD45 preparation (0.8 mg) was dissolved in 0.5 ml of 0.05 M on the column were eluted at room temperature with 10 mM NaOH containing 0.5 M NaBH 4 and 12.5 mCi NaB 3 H 4 , and in-Tris/HCl, pH 7.4, containing 0.1 M NaCl and 1 mM each of cubated at 45°C for 20 h according to the previously published CaCl 2 , MgCl 2 and MnCl 2 , and allowed to incubate at room temmethod [34] with modification. After acidification with acetic perature for 30 min. Oligosaccharides bound to the column were acid, the reaction mixture was passed through an AG50 W X 12 eluted with the same buffer containing 1 mM N-acetylglucosam-(H ϩ ) column and the effluent was evaporated. Boric acid in the ine. Methylation analysis of oligosaccharides, which were reresidue was removed by repeated evaporation with methanol. leased from the protein by treatment with 0.05 M NaOH/1 M The residue was subjected to paper chromatography using a NaBH 4 , was conducted as described previously [40] . solvent of 1-butanol/ethanol/water (4 :1:1, by vol.). The area of Oligosaccharides. Tritium-labelled N-acetylgalactosaminithe paper from the origin to the position at which authentic N-tol, lactitol and sialyl lactitol were prepared from N-acetylgalacacetylgalactosaminitol migrated was extracted with water.
tosamine, lactose and sialyl lactose by reduction with NaB 3 H 4 . Surface-labeling of sialic acid residues on human periph-The origins of the following oligosaccharides were as follows : eral blood leukocytes. Human peripheral blood leukocytes were Neu5AcA2→3Galβ1→3(Neu5AcA2→6)GalNAc OT (Neu5Ac · surface-labeled by the NaIO 4 /NaB 3 H 4 method [35] , which speci-Gal · Neu5Ac · GalNAc OT ) and Neu5AcA2→3Galβ1→3GalNA-fically labels sialic acid residues. In brief, the cells (0.5Ϫ1ϫ10 8 ) c OT (Neu5Ac · Gal · GalNAcOT) were prepared from glycophorin were suspended in 0.5 ml 10 mM sodium phosphate, pH 7.4, and fetuin according to the method described previously [41] , containing 0.15 M NaCl (NaCl/P i ) and treated with 10 ml of and Galβ1→3GalNAc OT (Gal · GalNAc OT ) was from those di-0.1 M NaIO 4 solution at 0°C for 10 min. The cells were then gested with A. ureafaciens sialidase. Galβ1→4GlcNAcβ1→3-washed several times with cold buffer, and the pellet was incu-Galβ1→3GalNAc OT (Gal · GlcNAc · Gal · GalNAc OT ) was obbated with 10 ml of 0.01 M NaOH containing 500 µCi of tained from porcine zona pellucida glycoproteins [42] . NaB 3 H 4 at room temperature for 5 min. After extensive washing, the cells were lysed with NaCl/P i containing 1% Triton X-100 and the cell lysates were immunoprecipitated with MEM-28 mo-RESULTS noclonal antibody as described previously [36] . The CD45 isoforms were purified by preparative SDS/PAGE. A mixture of Fractionation of oligosaccharides by Mono Q column chromatography. The radioactive oligosaccharides obtained from the tritium-labeled CD45 isoforms and each isoform were subjected to pronase digestion and then mild alkaline borohydride CD45 by alkaline borohydride/borotritide treatment were separated into a neutral (N) and an acidic (A) fraction (Fig. 1a) . The treatment [34] . The resulting tritium-labeled glycopeptide/oligosaccharide mixtures were analyzed on a Bio-Gel P-6 column percentage molar ratios of fractions N and A calculated from their radioactivities were 64% and 36%, respectively. The acidic equilibrated with 0.1 M ammonium carbonate solution containing 0.1% SDS.
fraction contained four main peaks A1, A2, A3 and A4 (Fig. 1a) .
Under the identical conditions, standard oligosaccharides, Analytical methods. The radioactive oligosaccharides were applied to a Mono Q column equilibrated with 5 mM acetate, Neu5AcA2→3[Galβ1→4GlcNAcβ1→6(Galβ1→3)]GalNAc OT , Neu5AcA2→6(Galβ1→3)GalNAc OT, Neu5AcA2→3Galβ1→4-pH 4.0, and eluted with a 5 mMϪ300 mM acetate, pH 4.0, gradient. Fractionation of the radioactive oligosaccharides by Bio-GlcNAcβ1→6(Neu5AcA2→3Galβ1→3)GalNAc OT , and Neu5A-cA2→6(Neu5AcA2→3Galβ1→3)GalNAc OT , were reported to be Gel P-4 column chromatography was performed as described previously [37] . Sugar composition analysis was performed ac-eluted at the same positions as peaks A1, A2, A3 and A4, respectively [43] . When fraction A was digested with A. ureafacording to the method described previously [38] . Lectin column chromatography using immobilized P. velutina lectin-Affi-Gel ciens sialidase, all of the acidic oligosaccharides were converted and a′ are N-acetylgalactosaminitol.
2-N-Methylacetamido-2-deoxygalactitol
Peaks b and b′ contained 36.9 % and 13.2% of the total oli-
gosaccharides, respectively, and were eluted at the same position
as Galβ1→3GalNAc OT ( Fig. 2A and B, respectively). Methylation analysis of a mixture of peaks b and b′ showed the presence of 2,3,4,6-tetra-O-methyl-1,5-di-O-acetyl galactitol and 1,4,5,6-tetra-O-methyl-3-mono-O-acetyl 2-N-methylacetamido-2-deoxto neutral ones (AN) (Fig. 1b) . Therefore, the acidic nature of ygalactitol with almost the same molar ratio ( Table 1) . These the oligosaccharides could be ascribed to their sialic acid resi-results indicated that oligosaccharides b and b′ are Gal1→3Gal-dues.
NAc OT . Methylation analysis of a mixture of peaks d and d′, which Fractionation of oligosaccharides by Bio-Gel P-4 column contained 20.1% and 6.7% of the total oligosaccharides, respecchromatography. Oligosaccharides in fractions N and AN were tively, showed the presence of 2,3,4,6-tetra-O-methyl-1,5-di-Osubjected to Bio-Gel P-4 column chromatography. Oligosaccha-acetyl galactitol and 2,4,6-tri-O-methyl-1,3,5-tri-O-acetyl galacrides in fraction N were separated into eight peaks (named aϪ titol, 3,6-di-O-methyl-1,4,5-tri-O-acetyl-2-N-methylacetamidoh, respectively) with elution positions of 2.5, 3.5, 5.0, 6.5, 9.5, 2-deoxyglucitol, and 1,4,5,6-tetra-O-methyl-3-mono-O-acetyl 2-12.5, 15.7 and 18.7 glucose units ( Fig. 2A) . Oligosaccharides N-methylacetamido-2-deoxygalactitol and 1,4,5-tetra-O-methylwith the same elution positions as peaks a, b, d, e, f, g and h 3,6-di-O-acetyl 2-N-methylacetamido-2-deoxygalactitol in the were also obtained from fraction AN (named a′, b′, d′, e′, f′, g′ ratio of 9.5: 1.5:6: 1:4 ( Table 1) . When peak d in Fig. 2A was and h′, respectively, Fig. 2 B) , suggesting that they are desialy-digested with diplococcal β-galactosidase, one galactose residue lated forms of the peaks in Fig. 2A .
was released and the product was eluted at 5.5 glucose units (Fig. 3 B) . The peak in Fig. 3 B was then digested with diplococcal β-N-acetylhexosaminidase, and 20% of it was eluted at 3.5 Structures of oligosaccharides. When peaks a and a′, which contained 6.9 % and 2.5 % of the total oligosaccharides, respec-glucose units releasing one N-acetylglucosamine residue, while the remaining 80% was resistant to the enzyme digestion tively, were applied to a Shodex SP-1010 column for the analysis of sugar compositions, the radioactivity was eluted with N- (Fig. 3 C) . The peak indicated by a bar in Fig. 3 C was digested with jack bean β-N-acetylhexosaminidase, and the product was Galβ1 eluted at 3.5 glucose units (Fig. 3 D) . The peaks eluted at 3.5 NAcOT by methylation analysis (data not shown). When the peak f and f′ the retarded fraction and the remaining 20% was bound and eluted with 1 mM N-acetylglucosamine (Fig. 4) . Since GlcNAc-β1→6(Galβ1→3)Galβ1→4Glc OT is eluted in the retarded fraction and GlcNAcβ1→3Galβ1→4Glc OT is bound and eluted with 1 mM N-acetylglucosamine from a P. velutina lectin-Affi-Gel 10 column [39], peak d should contain the branched and unbranched oligosaccharides. Similar results were obtained from peak d′ in Fig. 2 B (data not shown). These results indicated that peaks d and d′ contain two oligosaccharides: Galβ1→4GlcNAcβ1→6(Galβ1→3)GalNAc OT and Galβ1→4GlcNAcβ1→3Galβ1→3GalNAc OT with the molar ratio of 4:1.
When peak e (Fig. 3 E) , which contained 3.4 % of the total oligosaccharides, was digested with diplococcal β-galactosidase followed by diplococcal β-N-acetylhexosaminidase, the product was eluted at 6.5 glucose units releasing one galactose residue (Fig. 3 F) and one N-acetylglucosamine residue (Fig. 3 G) . Se- Fig. 3 A. Similar results were also purified from peripheral blood leukocytes, and lanes T1ϪT4 indicate obtained from peak e′ in Fig. 2 B, which contained 1.3% of the purified individual CD45 isoforms (1000Ϫ1400 cpm). The positions of total oligosaccharides. molecular-mass markers are shown.
These results indicated that oligosaccharides included in peaks e and e′ in Fig. 2 contain the following structures: gosaccharides in peaks f′, g′ and h′ in Fig. 2 B, which contained Galβ1→4GlcNAcβ1→3Galβ1→4GlcNAcβ1 0.6, 0.5 and 0.3% of the total oligosaccharides, respectively. 6
Small radioactive peaks were also eluted from a Bio-Gel PGalNAc OT 4 column periodically by 3 glucose units at the positions larger 3 than 20 glucose units (Fig. 2) . Although the exact structures of Galβ1 the contents of these peaks were not determined due to the limand ited amounts of the samples available for the analysis, the periGalβ1→4GlcNAcβ1→3Galβ1→4GlcNAcβ1→3Galβ1→3GalNAc OT odic elution patterns of the oligosaccharides started from peaks d and d′ in Fig. 2 , indicated that they contain different numbers Peaks f, g and h in Fig. 2A , which contained 2.5, 2.0 and of poly(N-acetyllactosamine) units. 1.2 % of the total oligosaccharides, respectively, were combined
The oligosaccharide structure of peak c was not determined and digested repeatedly with diplococcal β-galactosidase and due to the lack of sufficient material. then with diplococcal β-N-acetylhexosaminidase. About 80% of
The proposed oligosaccharide structures of human leukocyte them were eluted at the positions of 5.5 and 3.5 glucose units, CD45, as determined by sequential exoglycosidase digestion and which corresponded to GlcNAcβ1→6(Galβ1→3)GalNAc OT and methylation analysis, are summarized in Table 2 . Galβ1→3GalNAc OT , with the molar ratio of 4:1 (data not shown), indicating that the oligosaccharides in peaks f, g and h have the same core structures as those of peak d and contain Bio-Gel P-6 column chromatography of glycopeptides/oligosaccharides from CD45 isoforms. The CD45 molecules were two, three and four repeats of poly(N-acetyllactosamine) unit. The remaining 20% of the oligosaccharides in peaks f, g and h immunoprecipitated from the surface-labeled leukocyte lysates and subjected to preparative SDS/PAGE. Our leukocyte preparawere not converted to the core structures by digestion with these enzymes. Similar results were obtained from the combined oli-tion contained four CD45 isoforms with apparent molecular Fig. 2 B, and peaks 2 and 3 contain mainly O-linked oligosaccharides with tetra-pentasaccharides and di-trisaccharides, respectively.
Although exact N-glycosylation sites have not been elucidated in CD45, more potential N-glycosylation sites are found in the extracellular domains other than those encoded by exons 4Ϫ6 [4] . When taking the amount of peak 1 in each isoform as 1.0, the relative amounts of peaks 2 decreased as the molecular masses of the isoforms decreased, while those of peaks 3 were constant among the isoforms (Fig. 7) . These results indicated that each CD45 isoform contains a different amount of sialylated core 2 oligosaccharides.
DISCUSSION
CD45 is a heavily glycosylated transmembrane protein with tyrosine phosphatase activity, and is involved in T-cell-receptorϪmediated signaling [7Ϫ12]. CD45 is expressed as multiple isoforms (180Ϫ220 kDa) denoted as RA, RB, RC and RO [4, 5] , which are generated by alternative splicing of exons 4Ϫ6, and their expression patterns are cell-type and differentiationstage specific. The putative O-glycosylation sites are clustered in the domains encoded by exons 4Ϫ6, which are absent in the smallest form [4Ϫ6] . The present study indicates that these do- oligosaccharides could be important for CD45-specific or isoform-specific functions. The expression of sialylated O-linked sugar chains with core 2 structure has been reported to increase in CD43 of peripheral blood leukocytes from healthy individuals by activation with phytohaemagglutinin or anti-CD3 antibody and of peripheral blood leukocytes from patients with WiskottAldrich syndrome [45] . Therefore, further work is necessary to elucidate how O-linked sugar chains with core 2 structure relate to the functions of these molecules.
Some monoclonal antibodies raised against CD45 recognize carbohydrate epitopes. The UCHL-1 antibody binds to sialylated O-linked sugar chains enriched in CD45RO [23] . Possibly, antibodies raised against CD45RA may recognize the carbohydrates because they reacted differently with CD45 molecules expressed (Fig. 5 lane T) . Each CD45 isoform was extracted from the gel and again subjected that B-cell CD45 contains more O-linked sugar chains with poly(N-acetyllactosamine). The present study showed that the to analytical SDS/PAGE. Lanes T1ϪT4 in Fig. 5 show that each CD45 isoform was isolated in a radiochemically pure form.
O-linked sugar chains of CD45 isolated from human buffy coat cells, which are enriched in T cells, also contain poly(N-acetylThe mixed and individual isoforms of CD45 were then digested with pronase followed by mild alkaline/borohydride treat-lactosamine) mainly present on the core 2 structure, the amount of which is about 15% of the total oligosaccharides. Quite interment. To avoid generation of glycopeptides with a single amino acid residue which are resistant to alkaline treatment [44] , estingly, the amounts of the oligosaccharides with poly(N-acetyllactosamine) repeats decreased with an increase in the molecular samples were digested mildly with pronase. The resulting glycopeptide/O-linked sugar chain mixtures were analyzed by size of the O-linked sugar chains. Since not all of the poly(Nacetyllactosamine) were susceptible to digestion with a mixture Bio-Gel P-6 column chromatography. In all samples, they were separated into three peaks 1, 2 and 3 as indicated in bars in of diplococcal β-galactosidase and diplococcal β-N-acetylhexosaminidase, and since a small amount of 2,3,4-tri-O-methy-1,5- recognizes an A-2,6-linked sialic acid and binds more strongly 12. Kishihara, K., Penninger, J., Wallace, V. A., Kundig, T. M., Kawai, to the multiply sialylated complex-type than the mono-sialylated K., Wakeham, A., Timms, E., Pfeffer, K., Ohashi, P. S., Thomas, oligosaccharides [31] . complex-type with and without poly(N-acetyllactosamine) [28] . by the electrophoretic mobility of them, and may not interact 
